ABSTRACT A1 2 0 3 , SiC and carbon fibers were used to demonstrate the various microstructural changes which are expected to occur in equilibration processes of the as-received fibers by heat treatments.
Exaggerated grain growth in the originally fine grained α-Α1 2 0 3 fibers appeared simultaneously with the increase in the fiber surface roughness. Crystallization and grain growth in the originally amorphous SiC fibers were found in conjunction with the formation of volatile SiO and CO phases, and with surface oxidation. Active oxidation of the carbon fibers took place preferably at the structural inhomogenities in the fiber surface. These processes were related to the degradation in the mechanical properties of the fibers.
INTRODUCTION
Recent progress in fabrication technologies of ceramic fibers have contributed much to the development of advanced metal matrix composites (MMC) and ceramic matrix composites (CMC), for space and high temperature applications. However, as was reviewed by DiCarlo /l/, significantly different physical and chemical properties are required from the fibers used for reinforcement of metallic matrices, in comparison to those used in the ceramic matrices. These different requirements are primarily dictated by the intrinsic ductility and brittle nature of the metallic and ceramic matrices, respectively. In this regard, the crack tip blunting ability of the metallic matrices leads to a requirement for strong bonding at the fiber/matrix interfaces, which is necessary for maximum strengthening. In contrast, appropriate weak bonding is advised in CMC's since the ceramic matrix is susceptible to cracks. This may prevent fiber failure by allowing crack deflection along the fiber/matrix interfaces. Nevertheless, a critical bonding is needed for fiber/matrix load transfer. This bonding can ideally be contributed by physical bonding at the irregularities on the fiber surfaces.
In conjunction with brittleness of both ceramic fibers and matrices, the composite strength may be optimized through application of large diameter fibers in MMC's, and small diameter fibers in CMC's, respectively. Similar arguments may be made concerning the large differences in the coefficient of thermal expansion (CTE) between the metallic and ceramic components. These differences in CTE's control the physical integrity of the composite system.
It is clear that successful performance of such composites depends on physical and chemical compatibility between the fibers and the matrix. On the other hand, the characteristic feature of many of the commercially available fibers is their unequilibrium state, due to the fiber production processes /2-4/. The major differences between the ceramic fiber and its comparable perfect crystal may be expressed in terms of non-stoichiometry in composition, presence of impurities and inhomogeneity, and amorphous or partially crystalline nature of the fibers. These microstructural parameters are susceptible to changes at high temperatures, during fabrication of the composite or during high temperature applications. Hence, significant changes in the composite properties are expected. Consequently, microstructural characterization of these ceramic fibers has a major role in the understanding of the fiber's physical and chemical behavior towards equilibrium, which is necessary for thoughtful design of the composite materials.
The present study describes the microstructural changes observed in A1 2 0 3 , SiC and carbon fibers subjected to heat-treatments in air. Although the physical and chemical behavior of the fibers towards equilibrium depends on the surrounding matrix in the composite, such simple observations are instructive and point to the problems concerned with the stability of a given fiber. These microstructural developments and phase evolutions are typical of similar carbide and oxide fiber systems.
EXPERIMENTAL
Commercial fibers of A1 2 0 3 (FP, Du-Pont), SiC (Nicalon, ceramic grade) and carbon ("Besfight" HTA grade) were used for this study. Several tows of each fiber, containing a few hundred fibers, were collected as a bundle and then placed on substrates similar to the fiber material for heat-treatments in air at appropriate temperatures (Table I ).
The phase content of the various fiber bundles were determined by X-ray diffractometer (XRD) using monochromatized Cu-Κα radiation. The as-received and heat-treated fibers were bent manually to produce fracture surfaces for fractography.
The fiber surface morphology and the fracture surfaces were characterized using a scanning electron microscope (SEM), on gold coated specimens. A high resolution transmission electron microscope (HRTEM) was used to reveal the microstructure in the bulk of the fibers. TEM specimens were prepared by gluing the fibers onto copper grids, followed by conventional ion-milling for perforation, and by amorphous carbon coating, when needed.
RESULTS AND DISCUSSION

Al 2 0 3 fibers
The X-ray diffraction spectrum from the as-received A1 2 0 3 fibers was consistent with a fully α-Α1 2 0 3 phase (Fig. 1 ). The fibers were characterized by a narrow distribution of fiber diameter and the average diameter was 20 μπι (Fig.  2a) . SEM images showed the submicron grain-size at High Temperature Materials and Processes both the surface and within the bulk of these fibers (Fig. 2b) . The surface roughness of the as-received fibers was comparable to the average grain radius.
Relatively smooth fracture surfaces, associated with the fine grain-size, were observed in the asreceived fibers perpendicular to the fiber axes. Since the fracture was intergranular, and the intrinsic flow size in the fibers was comparable to their grain size, one may expect a relatively high fracture strength in these fibers.
Heat treatment in air at 1600°C for 1 hr had no influence on the phase content of the fibers, and an XRD spectrum of α-Α1 2 0 3 similar to that of Fig. 1 was recorded. Nevertheless, SEM observations revealed normal grain growth of the A1 2 0 3 grains, with several regions of exaggerated grain growth (Fig. 3a) .
The grain growth and the thermal etching resulted in an increase in the surface roughness of the fibers, and thus in an increase in the flow size. However, the exaggerated grains may be considered as more severe defects introduced into the fibers by the heat treatment. Despite the evidence that these large grains decrease the surface flow size by smoothening the fiber surfaces (arrowed in Fig. 3a) , they may also form a single grain at the fiber cross-section. Due to the anisotropy in the grainboundary strength, such cross-sections with lower strengths may be formed in comparison to crosssections having a polycrystalline character. The single grain at the fiber cross-section also provides a large internal flow size, which may be deduced from the very coarse intergranular fracture surfaces (Fig. 3b) .
Consequently, decrease in the fracture strength and increase in the brittleness of these fibers are expected.
Dark-field images in TEM from the heat-treated A1203 fibers (Fig. 4) have shown the grainboundaries free of any glassy layer. However, if the Fig. 4 Dark-field TEM image reveals glass-free grain-boundaries within the alumina fibers.
fibers contain a grain boundary glassy phase, one may also expect a degradation in the high temperature mechanical properties of the fibers, especially in the creep resistance. The FP A1 2 0 3 fibers were found to be promising in the reinforcement of aluminum and magnesium based MMC's 151. However, the observed grain growth in these fibers poses a limitation for their usage in CMC's. This problem was overcome by the incorporation of tetragonal zirconia grains into the alumina matrix of the fibers /6/. This alloying inhibits the alumina grain growth and improves the fracture strength and toughness.
SiC fibers
These continuous SiC fibers have been thoroughly investigated by many workers for the microstructural and chemical stability at high temperatures /7-9/, as well as for their incorporation in various types of MMC's /ΙΟ, 11/ and CMC's /12-14/.
The characteristic feature of these fibers is their nonstoichiometric composition, derived from the polymer route by which they are formed /2/. The various grades of these fibers differ in their chemical composition, explicitly in the C:Si:0 ratio, which is aimed towards a higher chemical
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stability. Another common feature of these fibers, regardless of their grade, is their amorphous nature in the as-received state, which is expressed by the amorphous-type XRD spectrum ("AR" in Fig. 5 ). Very broadened peaks are located at interplanar spacings, corresponding to those of cubic ß-SiC. In addition, appropriate calculations using the broadening effect of these peaks point to the presence of fine SiC crystallites (-2 nm in diameter) within the amorphous matrix. HRTEM images confirmed directly the existence of these nanocrystalline particles (arrowed in Fig. 6a ), which were shown to have cubic symmetry (Fig. 6b) .
Certainly, this type of microstructure is not an equilibrium phase assemblage in these fibers and is susceptible to changes at high temperatures. The structural stability of the various grades of Nicalon and other types of SiC fibers in different atmospheres at high temperatures have been studied by several research groups /15, 16/ and principally by the Celanese group /17-20/.
The overall microstructural changes may be summarized by two major interrelated processes that occur in the system towards equilibrium. Corresponding to the bulk of the fibers, the crystallization of new ß-SiC crystals and the simultaneous growth of the primary nanocrystals to the more stable α-SiC polytypes have been observed /20/. Since the crystalline SiC is considered to have a chemical composition close to the stoichiometry, the retention of oxygen and the excess of either C or Si by diffusion, are expected to form volatile phases as CO and SiO, respectively. This may result in a physical degradation of the fibers and to a consequent deterioration in their mechanical properties. Nonetheless, it is possible to take advantage of the excess carbon present in the fibers to optimize the microstructure at the fiber/matrix interfaces in CMC's 121, 22/.
The microstructural changes at the fiber surfaces are more sensitive to the surrounding chemical species and to their partial pressure. Generally, heat treatment in a sufficiently high oxygen partial pressure causes the passive oxidation of SiC, and the formation of a protective Si0 2 layer on the fibers. In the present heat-treatment (1200°C/60 min in air), the formation of the tridymite polymorph of Si0 2 was verified by XRD results ("HT" in Fig. 5) . A different polymorph of Si0 2 , known as cristobalite, has been reported /19/ to form at 1400°C in low oxygen partial pressures. Although this oxide layer protects the SiC fiber from active oxidation, it may degrade the mechanical properties of CMC's due to the foimation of strong chemical bonds at the fiber/ matrix interfaces (especially in oxide matrices).
Carbon fibers
Although carbon is not a ceramic material, it has often been included in the non-oxide ceramic group because of its refractoriness. Prior to the commercialization of continuous ceramic fibers, carbon fibers were among the first non-metallic fibers used for reinforcement of glass and ceramic matrices /23-25/, as well as of metallic matrices /26, 27/. However, carbon fibers are still in use, especially in ceramic composites, where high thermal conductivity and thermal diffusivity are required at high temperatures /28/.
The main stability problem with carbon fibers is that they are prone to rapid active oxidation and physical degradation, even at low oxygen partial pressures.
The HTA PAN-based carbon fibers in the present study have a narrow distribution of fiber diameter, with an average diameter of ~7 μιη (Fig. 7a) . Both the fiber surface and the fracture surface have revealed a fibrillar morphology (Fig. 7b) parallel to the fiber axis. The fracture surface morphology most probably arises from some degree of preferred orientation existing within the fibers, as was verified by selected area diffraction (SAD) patterns in TEM (Fig. 10b) . Appropriate TEM observations have shown a featureless amorphous-like contrast from the fibers. However, the direction and the degree of the preferred orientation varied in different regions of these fibers (this was estimated qualitatively according to the intensity and the length of the (002) arc-shaped reflections). XRD spectrum of the fibers ("AR" in Fig. 8 ) was similar to that from glass-like carbon /29/, and was consistent with the TEM observations. Heat treatment in air at 700°C for 30 min caused the oxidation and physical degradation of the fibers in an interesting manner. First, the fibers were thinned homogeneously, resulting in fiber diameters of about half the original diameter size. Secondly, the fibers developed cup-shaped defects (Fig. 9) , which resemble regions of enhanced oxidation. The surfaces of these latter defects were examined in TEM (Fig. 10a) and revealed the presence of relatively coarse crystalline particles. Using SAD patterns from TEM (Fig. 10c ) the polycrystalline defects were identified to be graphite.
Although no coarse heterogeneity was found in the as-received fibers, the enhanced oxidation at the observed defects may be rationalized in terms of 
Fig. 9
SEMimageshowingthecup-shapedsurface defects due to the locally enhanced oxidation-dissociation in the carbon fibers. regions having different degrees of preferred orientation within the fibers. The regions with a higher degreee of preferred orientation resemble a more graphitic nature, and thus are more susceptible to oxidation, whenever it is possible.
CONCLUSION
The microstructural evolution within each of the various fibers subjected to the heat-treatments are summarized in Table I . Although the exact physical and chemical behavior of the ceramic fibers depends on the matrix surrounding them, their nonequilibrated morphology and composition have major effects on their microstructural evolution towards equilibrium.
The presence of amorphous phase, as well as fine grains, may lead to crystallization and grain-growth, which may in turn degrade the mechanical properties of the fibers. Nonstoichiometry in the chemical composition is expected to cause the formation of more complex microstructures. Nevertheless, an appropriate tailoring of the fiber and the matrix, while taking into account these microstructural changes, may enable one to take advantage of the latter.
